Introduction {#Sec1}
============

Hypercapnia is usually encountered in some clinical conditions, such as chronic obstructive pulmonary disease (COPD) \[[@CR1]\] and acute respiratory distress syndrome (ARDS) \[[@CR2]\]. Clinically, the COPD patients had been found to complicate with different degrees of cognitive dysfunction after being discharged \[[@CR3]\]. Also, permisssive hypercapnia has been used as a ventilation strategy to reduce the mortality of ARDS \[[@CR2]\], but 50% of the ARDS survivors complicate with impaired cognition \[[@CR4], [@CR5]\]. Hypoxemia consistently exists in these diseases and has been found to be associated with cognitive dysfunction, but hypercapnia can aggravate the severity \[[@CR6], [@CR7]\].

Previous studies have demonstrated that disruption of the blood--brain barrier (BBB) might contribute to the cognitive impairment \[[@CR8], [@CR9]\]. Specifically, peripheral inflammation can profoundly impair the central nervous system (CNS) cognition through the compromised BBB \[[@CR10]\]. It was well recognized that the most closely related to neurocognition region is in the hippocampal substructure: the CA1 area and the dentate gyrus \[[@CR11]\]. Montagne et al. suggested that BBB breakdown in the hippocampus is an early event in the aging human brain that may contribute to cognitive impairment \[[@CR12]\]. In light of these findings, it was surmised that hypercapnia can further enhance the BBB permeability which would result in aggravating the cognitive dysfunction in hypoxemia. However, detailed mechanisms involved in hypercapnia-induced BBB disruption in hypoxemia have remained to be elucidated.

Astrocytes play a crucial role in maintaining the integrity and function of the BBB \[[@CR13]\]. They are closely related to the BBB permeability through their end-feet which express Aquaporins-4 (AQP-4) \[[@CR14]--[@CR17]\]. In the hypoxic rat model, the BBB is compromised due to the upregulation of AQP-4 expression in the astrocytes \[[@CR17]\]. Hypoxemia in combination with hypercapnia can further increase the BBB permeability through up-regulation of AQP-4 expression in the rat model \[[@CR18]\]. The tight junction proteins (TJPs) which mainly include claudin, occludin, and zonula protein maintain the BBB normal function. Being the most redox-sensitive part of the TJPs, degradation of the occludin and claudin-5 primarily accounts for the increased BBB permeability in hypoxemia \[[@CR19], [@CR20]\]. It is well recognized that the degradation of TJPs is by matrix metalloproteinases (MMPs), of which matrix metalloproteinase-9 (MMP-9) is mainly localized in the astrocytes \[[@CR21]\]. In hypoxic newborn pigs during resuscitation, hypercapnia can further induce production of MMPs in the ventricles \[[@CR22]\]. Hence, under the condition of hypoxemia, hypercapnia may also promote the production of MMP-9 in the CNS.

Hypoxia-inducible factor-1 (HIF-1) is a heterodimer consisting of the hypoxia-regulated subunit hypoxia-inducible factor-1α (HIF-1α) and the oxygen-insensitive subunit \[[@CR23]\]. In hypoxemia, HIF-1α firstly stabilizes in the cytoplasm and then translocates from cytoplasm into the nucleus, where it dimerizes with HIF-1β \[[@CR24]\]. The HIF-1 heterodimer binds to hypoxia response elements (HRE), where it modulates the transcription of a host of targets against hypoxic conditions \[[@CR24]\]. The previous study has demonstrated that MMP-9 and AQP-4 could be up-regulated by HIF-1α in the CNS \[[@CR25], [@CR26]\]. Furthermore, MMP-9 and AQP-4 expression could be further up-regulated by hypercapnia in hypoxemia \[[@CR18], [@CR22]\], but the mechanism underpinning this further up-regulation has not been established. As far as we know, oxygen (O~2~) consumption is accompanied by carbon dioxide (CO~2~) production, hypoxemia and hypercapnia may be perturbed in COPD and ARDS \[[@CR27], [@CR28]\]. Hence hypercapnia in combination with hypoxemia may exert different and unique molecular mechanisms unlike that when it acts alone.

In our preliminary study, we have shown that hypercapnia can not increase the expression of HIF-1a total protein in astrocytes of the hippocampus in rats with hypoxemia, but it can further increase the expression of HIF-1a nuclear protein. In light of the above, we hypothesized that hypercapnia may further aggravate the BBB disruption in the adult rats with hypoxemia through the HIF-1 signal pathway. Furthermore, we were interested in searching for the possible drug for ameliorating the hypercapnia-induced neurocognition dysfunction. In this context, we have focused on the drug 2-methoxyestradiol (2ME2), which can confer neuroprotection in the CNS disease \[[@CR29]\]. 2ME2 is a naturally occurring derivative of estradiol and devoid of estrogenic activity \[[@CR30]\]. It is a potential cancer chemotherapeutic agent, which can tackle cancer with its antiproliferative, proapoptotic, antiangiogenic, anti-tubulin effects \[[@CR31]\]. Increasing evidence has shown that the role of 2ME2 on the brain physiology of non-tumor disease is mainly associated with its inhibitory effect on the HIF-1α expression \[[@CR29]\].

In the present study, we hypothesized that hypercapnia may further aggravate the BBB disruption in the adult rats with hypoxemia through promoting HIF-1a nuclear translocation. We examined the relationship of hypercapnia, the HIF-1 signal pathway and the HIF-1 target gene (MMP-9 and AQP-4) in the rat model of hypercapnia given 2ME2 pretreatment. We report here that, under the condition of hypoxemia, hypercapnia may promote HIF-1α nuclear translocation and induce over-expression of MMP-9 and AQP-4 in the astrocytes which ultimately would lead to disruption of the BBB integrity.

Material and Methods {#Sec2}
====================

Animals and Groups {#Sec3}
------------------

All animal experiments were conducted under the guidelines for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 2011) and approved by Jinan University Laboratory Animal Ethics Committee (animal approval number: No. 20171011001).

The adult male Sprague Dawley (SD) rats (250--300 g) from the Animal Laboratory of Jinan University were used in this study. Pentobarbital sodium (30 mg/kg) was used to anesthetize the rats through the intraperitoneal injection. After this, the rats were ventilated for 3 h through an animal ventilator (SAR-1000, CWE, Ardmore, PA, USA). The rat model of hypoxemia/hypercapnia that we have previously established \[[@CR7]\] suggests that the indicators of blood gas analysis (pH, carbon dioxide partial pressure, and oxygen partial pressure) of SD rats are most stable at 3 h. Therefore, in addition to cognitive impairment, other indicators were acquired at 3 h. The details of the hypoxemic/hypercapnic rat model were described in our previous study \[[@CR7]\].

The rats (n = 234, the animal number used in each group was reported in Table [1](#Tab1){ref-type="table"}) were randomly divided into six groups (n = 39 for each): sham-operated group (S group), exposed to the air \[[@CR7]\]; hypoxemia group (H group), exposed to 16% O~2~ to maintain partial pressure of oxygen (PaO~2~) at 55--60 mmHg \[[@CR7]\]; hypercapnia group (HC group), exposed to 5% CO~2~ to maintain partial pressure of carbon dioxide (PaCO~2~) at 60--69 mmHg (corresponding pH 7.20--7.25) \[[@CR7]\]; hypercapnia hypoxemia group (HH group), HH + 2-Methoxyestradiol (2ME2) group (2ME2 group; 2ME2, an inhibitor of HIF-1α nuclear translocation) and HH + Tris-base group (Tris-base group) (Tris-base was used to buffer the acidosis induced by hypercapnia, but it would not elevate the level of PaCO~2~), exposed to 5% CO~2~ mixing with 16% O~2~ to maintain PaCO~2~ at 60--69 mmHg (corresponding pH 7.20--7.25) and PO~2~ at 55--60 mmHg.Table 1Number of rats sacrificed in different groupsGroupsMWMBWCEvans-blueWestern blottingImmunofluorescenceS156666H156666HC156666HH1566662ME2156666Tris-base156666According to the Power (1 − β, 0.80), the Type I error rate (α, 0.05), and the standard deviation (δ) we determined, we calculated the sample size of the rats

Drug Administration {#Sec4}
-------------------

2ME2 (2ME2, an inhibitor of HIF-1α nuclear translocation, Sigma-AldrichCorp) was dissolved in dimethyl sulfoxide (DMSO) and further diluted in phosphate-buffered saline (PBS) to a final volume of 2 ml (0.125%, 1.25 mg/ml). The inhibitor was administered (5 mg/kg, intraperitoneal injection, the dose--response study of 2ME2 was shown in the Supplemental Document. docx/Supplemental Table. [1](#Tab1){ref-type="table"}, Supplemental Fig. 1) \[[@CR32]\]. 1 h before mechanical ventilation in the 2ME2 group. The rats in the S + vehicle group, H + vehicle group, HC group + vehicle group, HH + vehicle group, were injected with an equal volume of DMSO diluted in PBS.

Morris Water Maze (MWM) Test {#Sec5}
----------------------------

MWM test was performed to evaluate the murine's memory functions and spatial learning \[[@CR33]\]. The apparatus for the test consisted of a round pool (Diameter: 150 cm) filled with warm water (24 ± 2 °C) and a round escape platform (Diameter: 10 cm). The escape platform was fixed in one quadrant and submerged 1 cm under the water surface. One day after the 3 h mechanical ventilation, rats (n = 15 for each group) were allowed to swim for 120 s in the pool to acclimate to the environment and trials. At the second and third day, rats were subjected to the MWM test. The latency time was defined as the time reaching to the platform. Each rat was given 120 s to arrive at the platform and if the rat could not arrive at the platform in 120 s, 120 s was recorded as the latency time. The experimenter guided the rat onto the platform, which was allowed to stay on it for 60 s.

Assessment of (Brain Water Content) BWC {#Sec6}
---------------------------------------

The deeply anesthetized rats (n = 6 for each group) were decapitated after 3 h of mechanical ventilation. The wet weight was obtained immediately by weighing the brain. The dry weight of the brain was obtained after it being heated for 1 day at 100 °C in a drying oven. BWC was calculated as follows: %H~2~O = (wet weight − dry weight)/wet weight × 100%.

Evaluation of BBB Integrity {#Sec7}
---------------------------

BBB integrity was evaluated by measuring the extravasation of Evans Blue (EB) after 3 h mechanical ventilation. Ten minutes before the end of 3 h ventilation, 2% EB dye (4 ml/kg) was injected intravenously via the tail vein into the rats (n = 6 for each group). In order to remove the excess EB dye in the blood vessels, 110 ml 0.9% saline was used to transcardially perfuse the deeply anesthetized rats. After rapid decapitation, the brain was firstly weighed and homogenized in 50% wt/vol trichloroacetic acid, and then centrifuged for 20 min at 10,000 rpm. The supernatants from the brain tissue were collected and analyzed by a spectrophotometer at a wavelength of 620 nm. The total EB content in the brain was quantified in reference to a linear standard curve derived from known amounts of the dye and was expressed as micrograms per gram of tissue.

Western Blotting Analysis {#Sec8}
-------------------------

Total or nuclear proteins from the hippocampal tissue (n = 6 for each group) were extracted after 3 h of mechanical ventilation by using a Total Protein Extraction Kit (Nan Jing Key GEN biotechnology, China, Cat. KGP701) or Nuclear Protein Extraction Kit (Bestbio, China; Cat. BB-3102-02) following the manual provided by the manufacturer. The proteins were separated by SDS-polyacrylamide gel electrophoresis and electroblotted to polyvinylidene difluoride (PVDF) membranes. The blots were blocked with 5% non-fat milk for 1 h at room temperature. They were incubated, respectively, with the primary antibodies: HIF-1α (1:1000, Millipore, USA, Cat. MAB5382, RRID: AB_177967), AQP-4 (1:1000, Millipore, USA, Cat. AB3594-50UL, RRID: AB_91530), MMP-9 (1:1000, Millipore, USA, Cat. AB19016, RRID: AB_11211211), HistoneH3 (H3) (1:1000, Abcam, Cambridge, MA, USA, Cat. ab1791, RRID: AB_302613), occludin (1:1000, Abcam, Cambridge, MA, USA, Cat. ab167161, RRID: AB_2756463), claudin-5 (1:1000, Abcam, Abcam, Cambridge, MA, USA, Cat. ab15106, RRID: AB_301652), β-actin (1:1000, Abcam, Cambridge, MA, USA, Cat. ab8226, RRID: AB_306371) and the appropriate horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h. The secondary antibody was goat anti-rabbit IgG-HRP (1:3000, Cell Signaling Technology, USA, Cat. 7074, RRID: AB_2099233) or goat anti-mouse IgG-HRP (1:3000, Cell Signaling Technology, USA, Cat. 7076, RRID: AB_330924). The membrane was developed using the enhanced chemiluminescence detection system (Millipore, Billerica, MA, USA) and images were developed by an imaging densitometer (ImageQuant LAS 500, GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The relative density was quantified by FluorChem 8900 software (version 4.0.1, Alpha Innotech Corporation, San Leandro, CA, USA). In addition, the expression of target proteins (total HIF-1α, AQP-4, MMP-9, occludin, claudin-5) was normalized to GAPDH as an internal control. H3 was used as an internal control for nuclear HIF-1α protein expression. The specificities of antibodies were demonstrated in the Supplemental Document. docx/Supplemental Figs. 2--6.

Double Immunofluorescence {#Sec9}
-------------------------

Double immunofluorescence was performed to verify HIF-1α, AQP-4 and MMP-9 expression in astrocytes in the CA1 area of the hippocampus (n = 6 for each group). After 3 h mechanical ventilation, the deeply anesthetized rats (n = 6 for each group) were transcardially perfused with ice-cold 0.9% saline rapidly followed by 4% paraformaldehyde. Coronal frozen sections of the removed brain of 10 μm thickness were cut and rinsed in PBS. Four brain sections taken from the hippocampus and four fields of view per slice were randomly taken from each section. Brain sections were blocked and then incubated with the primary antibodies: HIF-1α (1:100, Millipore, USA, Cat. MAB5382, RRID: AB_177967), AQP-4 (1:100, Millipore, USA, Cat. AB3594-50UL, RRID: AB_91530), MMP-9 (1:100, Millipore, USA, Cat. AB19016, RRID: AB_11211211) and GFAP (1:100, Millipore, USA, Cat. MAB360, RRID: AB_11212597) for overnight at 4 °C. On the following day, the brain sections were incubated with fluorescent secondary antibodies: Alexa Fluor® 555 Donkey Anti-Rabbit IgG (H + L) (1:100, Invitrogen Life Technologies, USA, Cat. A31572, RRID: AB_162543), Alexa Fluor® 488 donkey anti-mouse IgG (1:100, Invitrogen Life Technologies, USA; Cat. A21202, RRID: AB_141607) for 1 h at room temperature. Finally, the tissue sections were mounted with a fluorescent mounting medium with DAPI (DAKO Cytomation, Glostrup, Denmark). Cellular co-localization was observed on a confocal microscope (Leica TCS SP2AOBS; Leica Microsystems Ltd., Wetzlar, Germany). Immunohistochemical sections were analyzed under a light microscope (× 100) by ImagePro Plus 6.0 medical image analysis system. The average HIF1-a/MMP-9/AQP-4 fluorescence density of one single astrocyte in each group was analyzed by the Image-Pro Plus software. The percentage of positive cells in four fields of view per slice was calculated in each group. The specificities of antibodies were demonstrated in the Supplemental Document. docx/Supplemental Figs. 2--6.

Statistical Analysis {#Sec10}
--------------------

The data were analyzed by the software SPSS 20.0. One-way analysis of variance (ANOVA) was carried out to analyze the univariate-factor measurement data and factorial ANOVA for the interaction effects. When an interaction was examined, simple effects analyses were evaluated. Levene test was employed to test the normality and variance homogeneity of the data. Multiple comparisons were analyzed by Fisher\'s Least Significant Difference test method if the data was homogeneity of variance; otherwise, they were analyzed by Dunnett\'s T3 method. The difference was considered statistically significant when *p* \< 0.05.

Results {#Sec11}
=======

Hypercapnia Aggravated Cognitive Dysfunctioninrats with Hypoxemia {#Sec12}
-----------------------------------------------------------------

Significant interaction effects were observed between hypoxia treatment and hypercapnia treatment at 48 h (df = 1, *F* = 7.88, *p* = 0.034, Fig. [1](#Fig1){ref-type="fig"}a), 72 h (df = 1, *F* = 8.95, *p* = 0.031, Fig. [1](#Fig1){ref-type="fig"}b), 1 month + 48 h (df = 1, *F* = 6.73, *p* = 0.037, Fig. [1](#Fig1){ref-type="fig"}e) and 1 month + 72 h (df = 1, *F* = 7.93, *p* = 0.034, Fig. [1](#Fig1){ref-type="fig"}f). In comparison with S group, a longer escape latency was found in the H group (48 h: df = 1, *F* = 11.97, *p* = 0.011, Fig. [1](#Fig1){ref-type="fig"}c; 72 h: df = 1, *F* = 41.67, *p* \< 0.001, Fig. [1](#Fig1){ref-type="fig"}c; 1 month + 48 h: df = 1, *F* = 40.67, *p* \< 0.001, Fig. [1](#Fig1){ref-type="fig"}g; 1 month + 72 h: df = 1, *F* = 42.33, *p* \< 0.001, Fig. [1](#Fig1){ref-type="fig"}g), but not in the HC group (48 h: df = 1, *F* = 0.004, *p* = 0.943, Fig. [1](#Fig1){ref-type="fig"}c; 72 h: df = 1, *F* = 0.003, *p* = 0.954, Fig. [1](#Fig1){ref-type="fig"}c; 1 month + 48 h: df = 1, *F* = 0.002, *p* = 0.967, Fig. [1](#Fig1){ref-type="fig"}g; 1 month + 72 h: df = 1, *F* = 0.01, *p* = 0.779, Fig. [1](#Fig1){ref-type="fig"}g). Meanwhile, the longest escape latency was observed in the HH group in comparison with the H group (48 h: df = 1, *F* = 41.13, *p* \< 0.001, Fig. [1](#Fig1){ref-type="fig"}c; 72 h: df = 1, *F* = 19.56, *p* \< 0.001, Fig. [1](#Fig1){ref-type="fig"}c; 1 month + 48 h: df = 1, *F* = 36.92, *p* \< 0.001, Fig. [1](#Fig1){ref-type="fig"}g; 1 month + 72 h: df = 1, *F* = 32.98, *p* \< 0.001, Fig. [1](#Fig1){ref-type="fig"}g). The escape latency was significantly shortened in rats given 2ME2 (48 h: df = 1, *F* = 42.23, *p* \< 0.001, Fig. [1](#Fig1){ref-type="fig"}c; 72 h: df = 1, *F* = 22.46, *p* \< 0.001, Fig. [1](#Fig1){ref-type="fig"}c; 1 month + 48 h: df = 1, *F* = 37.87, *p* \< 0.001, Fig. [1](#Fig1){ref-type="fig"}g; 1 month + 72 h: df = 1, *F* = 33.87, *p* \< 0.001, Fig. [1](#Fig1){ref-type="fig"}g). Additionally, when the hypercapnic acidosis was neutralized, no statistically differences were observed between the HH group and Tris-base group (48 h: *p* = 0.998, Fig. [1](#Fig1){ref-type="fig"}d; 72 h: *p* = 0.999, Fig. [1](#Fig1){ref-type="fig"}d; 1 month + 48 h: *p* = 0.997, Fig. [1](#Fig1){ref-type="fig"}h; 1 month + 72 h: *p* = 0.996, Fig. [1](#Fig1){ref-type="fig"}h). The individual data of the above each group were shown in the Supplemental Document. docx/Supplemental Table 2.Fig. 1Significant interaction effects are observed between hypoxia treatment and hypercapnia treatment at 48 h and 72 h (**a** escape latency 48 h; **b** escape latency 72 h; **e** escape latency 1 month + 48 h; **f** escape latency 1 month + 72 h; all \**p* \< 0.05). Effects of hypercapnia and 2ME2 on escape latency in each group at 48 h, 72 h, 1 month + 48 h and 1 month + 72 h (**c**, **g** n = 15). Effects of Tris-base on escape latency in each group at 48 h, 72 h, 1 month + 48 h and 1 month + 72 h (**d**, **h** n = 15). Each data point refers to a biological replicate (n = 15). Horizontal lines (black) indicate mean ± SD (simple effects analyses). \**p* \< 0.05; *NS* non-significant, \**p* \> 0.05 (Color figure online)

Hypercapnia Enhanced BWC and BBB Permeability in Rats with Hypoxemia {#Sec13}
--------------------------------------------------------------------

Significant interaction effects were observed between hypoxia treatment and hypercapnia treatment (BWC: df = 1, *F* = 7.54, *p* = 0.033, Fig. [2](#Fig2){ref-type="fig"}a; EB: df = 1, *F* = 9.54, *p* = 0.028, Fig. [3](#Fig3){ref-type="fig"}a). Compared with the S group, increased BWC and extravasation of EB were found in the H group (BWC: df = 1, *F* = 5.42, *p* = 0.041, Fig. [2](#Fig2){ref-type="fig"}B; EB: df = 1, *F* = 75.42, *p* \< 0.001, Fig. [3](#Fig3){ref-type="fig"}b), but not in the HC group (BWC: df = 1, *F* = 0.001, *p* = 0.992, Fig. [2](#Fig2){ref-type="fig"}b; EB: df = 1, *F* = 0.014, *p* = 0.787, Fig. [3](#Fig3){ref-type="fig"}B). Meanwhile, increase in BWC and extravasation of EB was most substantial in the HH group in comparison with H group (BWC: df = 1, *F* = 7.12, *p* = 0.034, Fig. [2](#Fig2){ref-type="fig"}b; EB: df = 1, *F* = 30.48, *p* \< 0.001, Fig. [3](#Fig3){ref-type="fig"}b). Increased BWC and extravasation of EB were significantly reduced by the pretreatmen of 2ME2 (BWC: df = 1, *F* = 5.62, *p* = 0.040, Fig. [2](#Fig2){ref-type="fig"}b; EB: df = 1, *F* = 21.39, *p* \< 0.001, Fig. [3](#Fig3){ref-type="fig"}b). Additionally, when the hypercapnic acidosis was neutralized, no statistically differences were observed between the HH group and Tris-base group (BWC: *p* = 0.929, Fig. [2](#Fig2){ref-type="fig"}c; EB: *p* = 0.936, Fig. [3](#Fig3){ref-type="fig"}c). The individual data of the above each group were shown in the Supplemental Document. docx/Supplemental Table 3.Fig. 2Significant interaction effects are observed between hypoxia treatment and hypercapnia treatment on brain water content (**a** \**p* \< 0.05). Effects of hypercapnia and 2ME2 on brain water content (**b** n = 6) in each group. Effects of Tris-base on brain water content (**c** n = 6) in each group. Each data point refers to a biological replicate (n = 6). Horizontal lines (black) indicate mean ± SD (simple effects analyses). \**p* \< 0.05; *NS* non-significant, *p* \> 0.05 (Color figure online)Fig. 3Significant interaction effects are observed between hypoxia treatment and hypercapnia treatment on Evans Blue (**a** \**p* \< 0.05). Effects of hypercapnia and 2ME2 on Evans Blue (**b** n = 6) in each group. Effects of Tris-base on Evans Blue (**c** n = 6) in each group. Each data point refers to a biological replicate (n = 6). Horizontal lines (black) indicate mean ± SD (simple effects analyses). *\*p* \< 0.05; *NS* non-significant, *p* \> 0.05 (Color figure online)

Hypercapnia Augmented the Expression of AQP-4 and MMP-9 and Accumulation of the Nuclear HIF-1α in the Hypoxemic Hippocampus {#Sec14}
---------------------------------------------------------------------------------------------------------------------------

Significant interaction effects were found between hypoxia treatment and hypercapnia treatment in terms of nuclear HIF-1α (df = 1, *F* = 12.44, *p* = 0.008, Fig. [4](#Fig4){ref-type="fig"}d), AQP-4 (df = 1, *F* = 22.70, *p* \< 0.001, Fig. [5](#Fig5){ref-type="fig"}c) and MMP-9 (df = 1, *F* = 19.62, *p* = 0.004, Fig. [5](#Fig5){ref-type="fig"}d) expression, but not for the total HIF-1α expression (df = 1, *F* = 0.09, *p* = 0.695, Fig. [4](#Fig4){ref-type="fig"}c). Compared with the S group, increased total HIF-1α protein, nuclear HIF-1α protein, AQP-4 and MMP-9 expression was found in the H group (total HIF-1α/β-actin: df = 1, *F* = 122.97, *p* \< 0.001, Fig. [4](#Fig4){ref-type="fig"}a, e; nuclear HIF-1α/H3: df = 1, *F* = 142.95, *p* \< 0.001, Fig. [4](#Fig4){ref-type="fig"}b, e; AQP-4/β-actin: df = 1, *F* = 181.29, *p* \< 0.001, Fig. [5](#Fig5){ref-type="fig"}a, e; MMP-9/β-actin: df = 1, *F* = 196.32, *p* \< 0.001, Fig. [5](#Fig5){ref-type="fig"}b, e), but not in the HC group (total HIF-1α/β-actin: df = 1, *F* = 0.004, *p* = 0.976, Fig. [4](#Fig4){ref-type="fig"}a, e; nuclear HIF-1α/H3: df = 1, *F* = 0.16, *p* = 0.534, Fig. [4](#Fig4){ref-type="fig"}b, e; AQP-4/β-actin: df = 1, *F* = 0.015, *p* = 0.768, Fig. [5](#Fig5){ref-type="fig"}a, e; MMP-9/β-actin: df = 1, *F* = 0.007, *p* = 0.918, Fig. [5](#Fig5){ref-type="fig"}b, e). Meanwhile, increased protein expression for the markers was most pronounced in the HH group in comparison with the H group (nuclear HIF-1α/H3: df = 1, *F* = 118.94, *p* \< 0.001, Fig. [4](#Fig4){ref-type="fig"}b, e; AQP-4/β-actin: df = 1, *F* = 62.43, *p* \< 0.001, Fig. [5](#Fig5){ref-type="fig"}a, e; MMP-9/β-actin: df = 1, *F* = 28.75, *p* \< 0.001, Fig. [5](#Fig5){ref-type="fig"}b, e). There was no significant difficence between the HH group and H group in the protein expression of total HIF-1α (total HIF-1α/β-actin: df = 1, *F* = 0.15, *p* = 0.545, Fig. [4](#Fig4){ref-type="fig"}a, e). Increased AQP-4, MMP-9 and nuclear HIF-1α protein expression was significantly reduced by the pretreatmen of 2ME2 (AQP-4/β-actin: df = 1, *F* = 63.73, *p* \< 0.001, Fig. [5](#Fig5){ref-type="fig"}a, e; MMP-9/β-actin: df = 1, *F* = 31.69, *p* \< 0.001, Fig. [5](#Fig5){ref-type="fig"}b, e; nuclear HIF-1α/H3: df = 1, *F* = 96.73, *p* \< 0.001, Fig. [4](#Fig4){ref-type="fig"}b, e). Additionally, when the hypercapnic acidosis was neutralized, no statistically differences were observed between the HH group and Tris-base group (total HIF-1α/β-actin: *p* = 0.898, Fig. [4](#Fig4){ref-type="fig"}a, f; nuclear HIF-1α/H3: *p* = 0.916, Fig. [4](#Fig4){ref-type="fig"}b, f; AQP-4/β-actin: *p* = 0.873, Fig. [5](#Fig5){ref-type="fig"}a, f; MMP-9/β-actin: *p* = 0.938, Fig. [5](#Fig5){ref-type="fig"}b, f). The individual data of the above each group were shown in Supplemental Document. docx/Supplemental Table 4. The full western blots of the above each group were shown in the Supplemental Document. docx/Supplemental Figs. 7--10.Fig. 4The immunoreactive bands of total HIF-1α (**a**), β-actin (**a**), nuclear HIF-1α (**b**) and H3 (**b**). β-actin and H3 expression were measured as control; No interaction effect is observed between hypoxia treatment and hypercapnia treatment (**c** total HIF-1α, *p* \> 0.05). There are significant interaction effects between hypercapnia treatment and hypoxia treatment (**d** nuclear HIF-1α, \**p* \< 0.05). Effects of hypercapnia and 2ME2 on the protein expression levels of total HIF-1α (**e**), nuclear HIF-1α (**e**) in each group (n = 6). Effects of Tris-base on the protein expression levels of total HIF-1α (**f**), nuclear HIF-1α (**f**) in each group (n = 6). The expression of total HIF-1α and nuclear HIF-1α was normalized with β-actin and H3 protein levels, respectively. Each data point refers to a biological replicate (n = 6). Horizontal lines (black) indicate mean ± SD (simple effects analyses). \**p* \< 0.05; *NS* non-significant, *p* \> 0.05. *HIF-1α* hypoxia-inducible factor-1α (Color figure online)Fig. 5The immunoreactive bands of total AQP-4 (**a**), MMP-9 (**b**), β-actin (**a**, **b**). β-actin expression was measured as control; There are significant interaction effects between hypercapnia treatment and hypoxia treatment (**c** AQP-4, \**p* \< 0.05; **d** MMP-9, \**p* \< 0.05). Effects of hypercapnia and 2ME2 on the protein expression levels of AQP-4 (**e**), MMP-9 (**e**) in each group (n = 6). Effects of Tris-base on the protein expression levels of AQP-4 (**f**), MMP-9 (**f**) in each group (n = 6). The expression of AQP-4 and MMP-9 was normalized with β-actin protein level. Each data point refers to a biological replicate (n = 6). Horizontal lines (black) indicate mean ± SD (simple effects analyses). \**p* \< 0.05; *NS* non-significant, *p* \> 0.05. *MMP-9* matrix metalloproteinase-9; *AQP-4* Aquaporins-4 (Color figure online)

Hypercapnia Decreased the Expresssion Level of Occludin and Claudin‑5 Protein in the Hypoxemic Hippocampus {#Sec15}
----------------------------------------------------------------------------------------------------------

Significant interaction effects were found between hypoxia treatment and hypercapnia treatment in terms of occludin (df = 1, *F* = 27.74, *p* \< 0.001, Fig. [6](#Fig6){ref-type="fig"}c) and claudin‑5 (df = 1, *F* = 36.89, *p* \< 0.001, Fig. [6](#Fig6){ref-type="fig"}d) expression. Compared with the S group, decreased occludin and claudin‑5 protein expression was found in the H group (occludin/β-actin: df = 1, *F* = 47.93, *p* \< 0.001, Fig. [6](#Fig6){ref-type="fig"}a, e; claudin‑5/β-actin: df = 1, *F* = 47.91, *p* \< 0.001, Fig. [6](#Fig6){ref-type="fig"}b, e), but not in the HC group (occludin/β-actin: df = 1, *F* = 0.021, *p* = 0.497, Fig. [6](#Fig6){ref-type="fig"}a, e; claudin‑5/β-actin: df = 1, *F* = 0.052, *p* = 0.383, Fig. [6](#Fig6){ref-type="fig"}b, e). Decrease in protein expressions was most drastic in the HH group in comparison with the H group (occludin/β-actin: df = 1, *F* = 77.69, *p* \< 0.001, Fig. [6](#Fig6){ref-type="fig"}a, e; claudin‑5/β-actin: df = 1, *F* = 54.89, *p* \< 0.001, Fig. [6](#Fig6){ref-type="fig"}b, e). Decrease of protein expression was significantly attenuated by 2ME2 pretreatment (occludin/β-actin: df = 1, *F* = 72.71, *p* \< 0.001, Fig. [6](#Fig6){ref-type="fig"}a, e; claudin‑5/β-actin: df = 1, *F* = 66.84, *p* \< 0.001, Fig. [6](#Fig6){ref-type="fig"}b, e). Additionally, when the hypercapnic acidosis was neutralized, no statistically differences were observed between the HH group and the Tris-base group (occludin/β-actin: *p* = 0.789, Fig. [6](#Fig6){ref-type="fig"}a, f; claudin‑5/β-actin: *p* = 0.698, Fig. [6](#Fig6){ref-type="fig"}b, f). The individual data of the above each group were shown in Supplemental Document. docx/Supplemental Table 4. The full western blots of the above each group were shown in the Supplemental Document. docx/Supplemental Figs. 11 and 12.Fig. 6The immunoreactive bands of total Occludin (**a**), Claudin-5 (**b**), β-actin (**a**, **b**). β-actin expression was measured as control; There are significant interaction effects between hypercapnia treatment and hypoxia treatment (**c** Occludin, \**p* \< 0.05; **d** Claudin-5, \**p* \< 0.05). Effects of hypercapnia and 2ME2 on the protein expression levels of Occludin (**e**), Claudin-5 (**e**) in each group (n = 6). Effects of Tris-base on the protein expression levels of Occludin (**f**), Claudin-5 (**f**) in each group (n = 6). The expression of Occludin, Claudin-5 was normalized with β-actin protein level. Each data point refers to a biological replicate (n = 6). Horizontal lines (black) indicate mean ± SD (simple effects analyses).\**p* \< 0.05; *NS* non-significant, *p* \> 0.05 (Color figure online)

Hypercapnia Augmented the Expresssion of AQP-4, MMP-9 and Nuclear HIF-1α in the Astrocytes of Hypoxemic Hippocampus {#Sec16}
-------------------------------------------------------------------------------------------------------------------

In the HC group, hypercapnia alone did not exert any noticeable effect on the immunofluorescence of AQP-4, MMP-9 and nuclear HIF-1α without hypoxemia (nuclear HIF-1α: no white arrow in Fig. [7](#Fig7){ref-type="fig"}a; AQP-4: Fig. [8](#Fig8){ref-type="fig"}a, Fluorescence density: df = 1, *F* = 0.004, *p* = 0.947, Fig. [8](#Fig8){ref-type="fig"}c and %AQP-4 positive cells: df = 1, *F* = 0.003, *p* = 0.956, Fig. [8](#Fig8){ref-type="fig"}e; MMP-9: no white arrow in Fig. [9](#Fig9){ref-type="fig"}a). However, in comparison with the S group, the immunofluorescence of all markers was significantly enhanced in the H group (nuclear HIF-1α: white arrow in Fig. [7](#Fig7){ref-type="fig"}a; AQP-4: white arrow in Fig. [8](#Fig8){ref-type="fig"}a, Fluorescence density: df = 1, *F* = 173.23, *p* \< 0.001, Fig. [8](#Fig8){ref-type="fig"}c and %AQP-4 positive cells: df = 1, *F* = 148.91, *p* \< 0.001, Fig. [8](#Fig8){ref-type="fig"}e; MMP-9: white arrow in Fig. [9](#Fig9){ref-type="fig"}a). Meanwhile, in comparison with the H group, the immunofluorescence of AQP-4, MMP-9 and nuclear HIF-1α was further enhanced in the HH group (nuclear HIF-1α: white arrow in Fig. [7](#Fig7){ref-type="fig"}a, Fluorescence density: df = 1, *F* = 63.71, *p* \< 0.001, Fig. [7](#Fig7){ref-type="fig"}c and %HIF-1α positive cells: df = 1, *F* = 34.82, *p* \< 0.001, Fig. [7](#Fig7){ref-type="fig"}e; AQP-4: white arrow in Fig. [8](#Fig8){ref-type="fig"}a, Fluorescence density: df = 1, *F* = 39.43, *p* \< 0.001, Fig. [8](#Fig8){ref-type="fig"}c and %AQP-4 positive cells: df = 1, *F* = 38.96, *p* \< 0.001, Fig. [8](#Fig8){ref-type="fig"}e; MMP-9: white arrow in Fig. [9](#Fig9){ref-type="fig"}a, Fluorescence density: df = 1, *F* = 59.46, *p* \< 0.001, Fig. [9](#Fig9){ref-type="fig"}c and %MMP-9 positive cells: df = 1, *F* = 48.99, *p* \< 0.001, Fig. [9](#Fig9){ref-type="fig"}e). 2ME2 pretreatment attenuated the immunofluorescence of AQP-4, MMP-9 and nuclear HIF-1α (nuclear HIF-1α: white arrow in Fig. [7](#Fig7){ref-type="fig"}a, Fluorescence density: df = 1, *F* = 51.21, *p* \< 0.001, Fig. [7](#Fig7){ref-type="fig"}c and %HIF-1α positive cells: df = 1, *F* = 18.95, *p* = 0.005, Fig. [7](#Fig7){ref-type="fig"}e; AQP-4: white arrow in Fig. [8](#Fig8){ref-type="fig"}a, Fluorescence density: df = 1, *F* = 19.49, *p* = 0.004, Fig. [8](#Fig8){ref-type="fig"}c and %AQP-4 positive cells: df = 1, *F* = 27.75, *p* \< 0.001, Fig. [8](#Fig8){ref-type="fig"}e; MMP-9: white arrow in Fig. [9](#Fig9){ref-type="fig"}a, Fluorescence density: df = 1, *F* = 37.16, *p* \< 0.001, Fig. [9](#Fig9){ref-type="fig"}c and %MMP-9 positive cells: df = 1, *F* = 50.19, *p* \< 0.001, Fig. [9](#Fig9){ref-type="fig"}e). Additionally, when the hypercapnic acidosis was neutralized, immunofluorescence of AQP-4, MMP-9 and nuclear HIF-1α between the HH group and the Tris-base group was comparable (nuclear HIF-1α: white arrow in Fig. [7](#Fig7){ref-type="fig"}b, Fluorescence density: *p* = 0.858, Fig. [7](#Fig7){ref-type="fig"}d and %HIF-1α positive cells: *p* = 0.835 in Fig. [7](#Fig7){ref-type="fig"}f; AQP-4: white arrow in Fig. [8](#Fig8){ref-type="fig"}b, Fluorescence density: *p* = 0.779, Fig. [8](#Fig8){ref-type="fig"}d and %AQP-4 positive cells: *p* = 0.763 in Fig. [8](#Fig8){ref-type="fig"}f; MMP-9: white arrow in Fig. [9](#Fig9){ref-type="fig"}b, Fluorescence density: *p* = 0.839, Fig. [9](#Fig9){ref-type="fig"}d and %MMP-9 positive cells: *p* = 0.881 in Fig. [9](#Fig9){ref-type="fig"}f). The individual data of the above each group were shown in the Supplemental Document. docx**/**Supplemental Table 5.Fig. 7Confocal immunofluorescence images showing the expression of HIF-1α/GFAP/DAPI (white arrow) of the brain sections from the CA1 hippocampus in each group (**a**, **b** n = 6). The average nuclear HIF-1α fluorescence (red) density of one single astrocyte in four fields of view per slice was analyzed in each group by the Image-Pro Plus software (**c**, **d**). The percentage of HIF-1α positive cells in four fields of view per slice was calculated in each group (**e**, **f**). Each data point refers to four fields of view per slice, where n = 24 (4 × 6, biological replicates). Horizontal lines (black) indicate mean ± SD. Statistical significance was examined by t test. \**p* \< 0.05; *NS* non-significant, *p* \> 0.05. *HIF-1α* hypoxia-inducible factor-1α. Scale bars: 50 μm (Color figure online)Fig. 8Confocal immunofluorescence images showing the expression of AQP4/GFAP (white arrow) of the brain sections from the CA1 hippocampus in each group (**a**, **b**, n = 6). The average AQP4 fluorescence (red) density of one single astrocyte in four fields of view per slice was analyzed in each group by the Image-Pro Plus software (**c**, **d**). The percentage of AQP4 positive cells in four fields of view per slice was calculated in each group (E, F). Each data point refers to four fields of view per slice, where n = 24 (4 × 6, biological replicates). Horizontal lines (black) indicate mean ± SD. Statistical significance was examined by t test. \**p* \< 0.05; *NS* non-significant,*p* \> 0.05. *AQP-4* Aquaporins-4; Scale bars: 50 μm (Color figure online)Fig. 9Confocal immunofluorescence images showing the expression of MMP-9/GFAP (white arrow) of the brain sections from the CA1 hippocampus in each group (**a**, **b**, n = 6). The average MMP-9 fluorescence (red) density of one single astrocyte in four fields of view per slice was analyzed in each group by the Image-Pro Plus software (**c**, **d**). The percentage of MMP-9 positive cells in four fields of view per slice was calculated in each group (**e**, **f**). Each data point refers to four fields of view per slice, where n = 24 (4 × 6, biological replicates). Horizontal lines (black) indicate mean ± SD. Statistical significance was examined by t test. \**p* \< 0.05; *NS* non-significant, *p* \> 0.05. *MMP-9* matrix metalloproteinase-9; Scale bars: 50 μm (Color figure online)

Discussion {#Sec17}
==========

The present results have shown that hypercapnia could further disrupt the integrity of BBB in the hypoxemic adult rats. Additionally, we have shown that hypercapnia induces the HIF-1α nuclear translocation and over-expression of MMP-9 and AQP-4 proteins in hypoxia-activated astrocytes. It is suggested that this had contributed to further disruption of the BBB in the hypoxemic adult rats.

Previous studies indicated that hypercapnia can result in more severe cognitive dysfunction \[[@CR6], [@CR7]\]. In our present study, a rat model of hypercapnia/hypoxemia was established, in which PaO~2~ was maintained at 55--60 mmHg and PaCO~2~ was around 65 mmHg with a pH value at 7.20--7.25. This is consistent with the clinical scenarios of COPD and ARDS. In agreement with our previous study \[[@CR7]\], we confirmed here that hypercapnia alone did not sufficiently lead to cognitive dysfunction, but it significantly aggravated the cognitive dysfunction when applied in combination with hypoxemia. Of note, the effect exerted by hypercapnia is independent of the acidosis induced by itself. Furthermore, pretreatment with 2ME2 can prevent the exacerbation of cognitive impairment by hypercapnia.

Despite the above findings, the underlying molecular mechanisms exerted by hypercapnia have remained to be fully clarified. Previous studies have indicated that disruption of the BBB is closely related with the cognitive dysfunction \[[@CR8], [@CR9]\]. Furthermore, a recent study has reported that the BBB breakdown in the hippocampus may contribute to the cognitive impairment \[[@CR12]\]. In the hypoxic-ischemic models of rats, the BBB integrity was impaired \[[@CR34], [@CR35]\]. Hence, we have shown that the BBB permeability was enhanced 3 h after hypoxemic insult in the hypoxemia group. More importantly, hypercapnia can further increase the BBB permeability in the hypercapnia + hypoxemia group. Very interestingly, when the acidosis was neutralized by the tris-base, the further enhanced BBB permeability could not be restored. Taken together, we speculate that hypercapnia may aggravate the cognitive dysfunction through further disruption of the BBB integrity in the hypoxemic hippocampus of rats independently of acidosis.

It is well documented that both the astrocytes and TJPs play important roles in maintaining the BBB integrity. First of all, with the AQP-4 protein in astrocytes being up-regulated, the BBB permeability was enhanced \[[@CR36], [@CR37]\]. Secondly, being the most important part of the TJPS, the decrease in the occludin and claudin-5 represents the enhanced permeability of the BBB \[[@CR19], [@CR20]\]. Under the hypoxic-ischemic conditions, occludin and claudin-5 can be degraded by MMP-9 released from the astrocytes in the brain \[[@CR38], [@CR39]\]. Furthermore, MMP-9 and AQP-4 can be regulated by the HIF-1 signaling pathway. Previous studies had demonstrated that the up-regulated expression of HIF-1α could induce the up-regulation of the MMP-9 and AQP-4 proteins which would eventually disrupt the BBB integrity \[[@CR25], [@CR26]\]. Consistent with this, we had found that 3 h after hypoxemic insult, the MMP-9 and AQP-4 protein expression was increased with a concomitant up-regulation of the total and nuclear HIF-1α protein in the H group. Additionally, we have found that hypercapnia alone did not affect the total and nuclear HIF-1α, MMP-9 and AQP-4 protein production in the astrocytes in the hippocampus. However, in comparison with the hypoxemia group, hypercapnia can induce an increase in nuclear HIF-1α, MMP-9 and AQP-4 protein production in hypercapnia + hypoxemia group. Following 2ME2 pretreatment, nuclear HIF-1α protein in the astrocytes was decreased in comparison with the hypercapnia + hypoxemia group.

In light of the above findings, it is suggested that 2ME2 can confer neuroprotection through improvement of the hypercapnia-indued exacerbation of the BBB disruption. It is documented that 2ME2 is a potent anticancer drug and that it is not a specific inhibitor for HIF-1a \[[@CR29]\]. 2ME2 mainly exerts its physiological effects through vasodilatory, pro-apoptotic, tubulin-binding activity in cancer diseases and inhibition of HIF-1a nuclear translocation in non-cancer CNS diseases \[[@CR40]\]. The vasodilatory effect of 2ME2 is poorly explored until recently. Previous studies have shown that 2ME2 inhibits phenylephrine-induced tension in the aorta \[[@CR41]\] and KCl-induced contraction in the coronary artery \[[@CR42]\] through its vasodilatory effect. However, the vasodilatory effect of 2ME2 in the brain have not been explored. The pro-apoptotic effect of 2ME2 is now well-recognized 2ME2 can induce cell death in a variety of malignant cell lines \[[@CR43]\]. Tubulin-binding activity is also an important mechanism by which 2ME2 can inhibit tubulin polymerization and induce cell death in cancer cells \[[@CR44]\]. However, 2ME2-mediated neuroprotection as reported in this study is unlikely to result from the pro-apoptotic and tubulin-binding activity, because 2ME2 did not induce apoptosis and inhibit tubulin polymerization in normal mammalian cells \[[@CR45]\]. Taken together, it is suggested that 2ME2 can confer neuroprotection through inhibition of HIF-1a nuclear translocation in non-cancer CNS diseases.

In consideration of the above, it is suggested that hypercapnia can further increase the BBB permeability via facilitation of HIF-1α nuclear translocation in the astrocytes of hypoxemic rats. It is well known that hypercapnia is generally accompanied by acidosis in *vivo*. Therefore, cellular effects as observed under conditions of hypercapnic acidosis could be a consequence of elevated CO~2~, decreased pH, or a combination of both \[[@CR46]\]. To illustrate this, we next examined whether the pH levels would affect the nuclear translocation of HIF-1α protein. After neutralizing the acidosis induced by the hypercapnia through adding tris-base, we found that the effects mentioned above were not reversed. It stands to reason, therefore, that hypercapnia exerts its effect that is independent of the acidosis.

In conclusion, this study has demonstrated unequivocally that besides hypoxemia, hypercapnia also serves as an external stimulus that can trigger the intracellular signaling molecules which affect the expression of different proteins in the CNS. In this connection, hypercapnia can facilitate the nuclear translocation of HIF-1α protein, and then induce MMP-9 and AQP-4 protein over-expression in the astrocytes, which would further disrupt the BBB integrity in the hypoxemic rats. It is conceivable that further disruption of the BBB would partly ascribe to the etiopathogenesis of cognitive impairment. Thus, the cascade of hypercapnia-induced nuclear HIF-1α protein translocation in hypoxia-activated astrocytes may be a potential target for ameliorating cognitive impairment.
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